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Abstract Nomenclature

NASA Dryden Flight Research Center has developeAcronyms
a flush airdata sensing (FADS) system on a sharp-nose

wedge-shaped vehicle. This paper details the design al

ADS flush airdata sensing

calibration of a real-time angle-of-attack estimation|NS inertial navigation system
scheme developed to meet the onboard airdat

measurement requirements for a research vehiclPPT

precision pressure transducer

equipped with a supersonic-combustion ramjet engineSCRamjet  supersonic-combustion ramjet
The FADS system has been designed to perform i

flights at Mach 3-8 and at —6°-12° angle of attack. ThSymbols

description of the FADS architecture includes port
layout, pneumatic design, and hardware integration "PPT

transducer calibration as a function of
Mach number

Predictive models of static and dynamic performance
are compared with wind-tunnel results across the MacD diameter of lines from port to transducer,
and angle-of-attack range. Results indicate that stati in.

angle-of-attack accuracy and pneumatic lag can b
adequately characterized and incorporated into a rea

ADSGl angle of attack at front of vehicle, deg

time algorithm. FADSG2 angle of attack at rear of vehicle, deg

FADSG3 angle of attack for pseudodifferential
transducers, deg

g acceleration caused by gravity, ft/éec

*Aerospace Engineer.

i arbitrary integer

tAerospace Engineer, Senior Member. k [

. . . nstant

fEngineering Consultant, Senior Member. ag cons

§Aerospace Engineer. L pneumatic line

9 Instrumentation and Controls Engineer.

# Instrumentation Engineer. L length, ft
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(o] weighting function The FADS concept uses a matrix of flush surface
ports to infer airdata. The FADS system has been

S Laplace frequency variable successfully applied to a variety of blunt forebodies,
Ve effective volume of the measurement and one feasibility studyhas been conducted for a
system, 2 sharp-nosed, hypersonic configuration. To be a viable
. . system, the FADS system must measure angle of attack
X/L body axis location y y g

to within 0.5° (because of the criticality of incidence
a angle of attack, deg angle of the engine inlet); measure dynamic pressure to
within 5 percent for postflight analysis; and survive the

Uest bias angle of attack, deg intense thermal environment in which a hypersonic
OFADS reference angle of attack derived from the vehicle flies? This paper presents the architecture,
FADS algorithm, deg estimation algorithms, and wind-tunnel calibration of a
. o FADS system intended for a sharp-nosed, SCRamjet
OINS angle of attack derived from the inertial (a5t vehicle.
navigation system, deg
Oyrue angle of attack obtained from wind Note that use of trade names or names of

manufacturers in this document does not constitute an
official endorsement of such products or manufacturers,
o8] forward angle-of-attack estimate, deg either expressed or implied, by the National Aeronautics
and Space Administration.

tunnel, deg

0> rear angle-of-attack estimate, deg

a3 pseudodifferential angle-of-attack FlushAirdata Sensing System
estimate, deg Architecture Oerview

B angle of sideslip, deg

This section describes the pneumatic architecture of
A difference the FADS system. The port layout, the sensing
L . . . transducer characteristics, and the pneumatic layout of
dynamic viscosity of the air in the line, ; : ;
the pressure sensing system are described. The sensing
Ibm/(ft/sec) : X )
components that comprise the real-time airdata system
1 time constant are distinguished from those used for the postflight
. algorithm.
Introduction
Pressure Port Layout
The National Aeronautics and Space Administration i of ni i h
and aerospace community are developing air-breathin Ad matrix of nine prlefsure Fiortﬁ IS usid tlo sense t ?
propulsion systems capable of flight at hypersonic r']r ata pa:ameterfr.] |gurhg | Sf owbs(; € Focat|ons to
speeds. One promising concept is the supersonict-_ eds_e tpgrsb OTh i. \;]el Ir?ted ore %{ ?ur pf[)hrs
combustion ramjet (SCRamjet) eng?né?he current (indicate y the nighiighted Symbois along the

design of SCRamjets allows supersonic combustion tgeqterlme of the forebody in figure 1) are .U.SEd 'to
occur only in a narrow operating range. indirectly sense the angle of attack. The remaining five

pressure ports (indicated by the open symbols in

Dynamic pressurdg) and angle of attaek) arefigurg 1) are. used for postflight evaluation of t_he
two of the critical parameters that determine the flopf€Maining airdata parameters. To save real-time
into the engine inlet. Accurate measurement of thes@@ndwidth and ensure a high data throughput, the
parameters is desired for real-time control and isYSiem architecture —decouples the angle-of-attack
required for postflight analysis. Accurately estimating €Simation from the remainder of the postflight
angle of attack from the inertial navigation system (INS)aIgorlthm. Only th.e pressure Qata from t.he
alone is difficult because of atmospheric variations an&\r_lgle—of-att.ack .ports Is used in real time and _combmed
sensor installation and performar?c@his requirement W.'th _the_ mertlal angle of attack to estimate a
led to the development of a nonintrusive system, thé“gh'f'de“ty’ vehicle angle of attack.
flush airdata sensing (FADS) system, that has the ab”itbressurél'ransducers
to measure angle of attack in real time and allow the-
remainder of the airdata parameters to be reconstructedThe nine pressures are sensed using a combination of
postflight. absolute and differential precision pressure transducers
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(PPTs). Figure 2 shows the pneumatic layout of theseanges. The sensors used as a part of the real-time
sensors. Differences between the pairs of upper ansystem architecture are indicated with an asterisk.

lower ramp surface pressures (ports 2 and 4; ports 3

and 5) are sensed by differential pressure transducers toPneumatic Layout

provide high accuracy and a high-resolution

: . Table 2 shows the line lengths, tubing diameters, and
measurement for use by the real-time algorithm. Each . .
entrapped volumes for the various pneumatic

ifferential pair is also “teed” to an lute pr r . . .
differential pair is also “teed” to an absolute pressure mponents (fig. 2). The effective volume in table 2 also

transducer that allows the absolute pressure level at ealh

port to be sensed or calculated. The forebody side porEQCIUdeS the entrapped volume of the pneumatic fittings

and the transducer volumes. Results from preliminary

(ports 6 and 8; ports 7 and 9), although not used by the, . . S
real-time algorithm, are sensed in a similar manner. Th bI|qu§ shock theoF)9 and engineering judgment were
used in the placement of the pressure ports on the

single stagnation pressure (port 1) is sensed using an | . .
absolute Sensor. vehicle. The pressure port size on the upper and lower

ramp surfaces was 0.04-in. diameter. The pressure port
All of the pressure transducers have serial digitaiSize on the leading edge and sides of the vehicle had a
outputs, which are connected through an individuallydiameter of 0.02 in. to limit stagnation heating effects.
addressable, multidrop RS-485 bus. The sensors algyl ports were drilled normal to the surface.
provide an optional analog output. The PPT digital
output is the primary signal used in the real-time and
postflight algorithms. The analog signal is recorded onl)/'al
for postflight analysis and provides data redundancy i
the digital signal fails. The pressure transducers use

The “teed” pneumatic lines required to obtain the

bsolute pressure levels for ports 3 and 5 and 6 and 8 are
cause for concern because of latencies that may be
introduced into the sensed pressure signals. These

piezo-resistive bridge technology and have a built-in atencies are especially critical for the real-time sensing

digital temperature compensation over a range from _4gystem. The effects of these latencies will be analyzed in
to 80 °C detail in the Results and Discussion section.

The manufacturer’'s specified accuracy for the sensor
output for both digital and analog is 0.05 percent of full
scale? Laboratory tests conducted at the NASA Dryden
Flight Research Center (Edwards, California) have
shown the sensors to be accurate to within 0.025 percent
of the full-scale value. Table 1 shows the types of

_ ) , Table 2. Pneumatic layout characteristics.
sensors used in this design and the sensor full-scale

Line Line Tube \Volume,

number length, in. diameter, in. in3
Table 1. Sensor type at each port location. L1A 84 0.063 0.3502
L2A 45 0.063 0.2381

Sensor Port Parameter Sensor Range,

identification sensed type Ibf/in? L2B 37 0.063 0.2049
Total bol L3A 44 0.063 0.2340
PPT1 ! pressure Absolute - 0-15 L4A 16 0.063 0.1176
PPT 2 * 2,4 a Differential 5 L4B 25 0.063 0.1550
PPT 3 * 2 a Absolute 0-15 L5A 24 0.063 0.1509
PPT 4 * 3,5 a Differential 5 L6A 36 0.063 0.2007
PPT5* 5 a Absolute 0-15 L6B 38 0.063 0.2090
PPT 6 6, 8 B Differential 15 L7A 37 0.063 0.2049
PPT 7 6 B Absolute 0-15 L8A 36 0.063 0.2007
PPT 8 7,9 B Differential 5 L8B 24 0.063 0.1509
PPT9 9 B Absolute 0-15 L9A 35 0.063 0.1966
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Wind-Tunnel Facilities, EquipmentTest computer. Figure 4 shows a schematic of the data
Conditions, and Procedures acquisition system used for the wind-tunnel tests.
Figures 5 and 6 show the model as mounted in tunnels A

This section describes the facilities, proceduresand B for testing.
equipment, and tests conditions for a series of N
wind-tunnel experiments conducted to evaluate theMind-TunnelTest Procedures and Conditions
FADS system. The basic measurement systems Wereyying tunnel data were taken during constant angles

evaluated over a broad_ra_nge of.Mach nurnbers, and & attack and sideslip and during pitch-pause runs with
data set allowing a preliminary airdata calibration Wassweeps in angles of attack and sideslip. Data were

obtained. obtained over a Mach number range of 3 to 8, an angle-
of-attack range of —6° to 12°, and an angle-of-sideslip
range of £3°. In the pitch-pause maneuvers, data were

All wind-tunnel testing occurred at the Arnold obtained in 1-deg increments. Angle-of-sideslip data
Engineering Development Center (Arnold Air Force Were obtained in 0.5-deg increments. The dwell time at
Base, Tennessee) Von Karman Facility in tunnels A angach pitch-pause data point was approximately 15 sec.
B. Tunnel A is a 40- by 40-in., continuous, Table 3 shows the wind-tunnel conditions.

closed-circuit, variable-density, supersonic wind tunnel . )
with a Mach number range of 1.5 to 5.5. The tunnel is  Real-Time Angle-of-Attack Estimation

Facilities

served by a main compressor system that provides a Algorithm
wide range of mass flow and stagnation pressures to a
maximum of 195 Ibf/iR absolutet! The primary function of the real-time angle-of-attack

estimation algorithm is to provide a pneumatically-
Tunnel B is a continuous, closed-circuit, hypersonichased measurement estimate of the bias in the INS-
wind tunnel with a 50-in.—diameter test section. Tunnelderived angle of attack. The real-time FADS algorithm
B uses two axisymmetric, contoured nozzles thafs composed of two basic routines, FADS calibration
provide two fixed Mach numbers of 6 and 8 with anand signal selection. These algorithms require Mach
operating pressure range of 20 to 300 IBfibsolute at number, which is provided by the INS. At relatively

Mach 6 and 50 to 900 IbfArabsolute at Mach & high velocities, inertial Mach number is sufficiently
accurate when used with a representative atmospheric
Wind-TunnelTest Equipment model.

Figure 3 shows the internal layout of the test article For the sensor configuration shown in figure 2, only

W'thl nlng PPTS a:pd o_neklnclmometer. Thf} senhsors Vel ree unigue angle-of-attack estimates are available,
enclosed In cooling jackets to ensure that the Sensc%{Ithough four pressure ports and four pressure sensors

ppgratmg limits were not exceedgd 9'”“”9 the test. Ar};\re designated for real-time angle-of-attack estimation.
inclinometer measured the model incidence angle over 2he individual angle-of-attack measurements are
range of £14.5° with an accuracy of 0.02-percent l‘uIIas follows:

scale. The model used in the test was an 80-percent—
scale model of the SCRamjet test vehicle forebody. The

model was designed for hypersonic testing for extended [ (Ppp72)
periods. The model was milled from solid bar stock of oy = T}CPPT 2
heat-treated and solution-annealed 316 stainless'éteel. -
The model had a boundary-layer trip strip installed just [ (Pppr4) 1
aft of pressure port 4 (fig.1). The wind-tunnel a, = T}CPPT 4 ' (1)
pneumatic system was designed to duplicate the flight -
hardware. T (pPPTg_PPPTS)}
. O3 = y Cppr 53
Analog and digital outputs from the PPTs were L

sensed during the wind-tunnel tests. Digital data were

polled from all PPTs at a rate of 48.8 samples/secwherea, is the forward angle-of-attack estimate, is
Analog data were obtained using a 16-bit analog-tothe rear angle-of-attack estimate, amg is the
digital converter unit controlled by the wind-tunnel pseudodifferential angle-of-attack estimate.
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Table 3. Wind-tunnel test summary.

Test Mach Reynolds
condition number  Remark  number,
3|4H q 9[ mil/ft
Bsweep Xxxxxx Basic 3.00
at —6°a
Bsweep  xxxxx Basic 3.00
at —4°a
Bsweep  xxxxXx Basic 3.00
at —2°a
Bsweep Xxxxxx Basic 3.00
at0°a
Bsweep  xxxxx Basic 3.00
at 2°a
Bsweep  xxxxXx Basic 3.00
at4°a
Bsweep Xxxxxx Basic 3.00
at6°a
Bsweep  xxxxx Basic 3.00
at 8°a
Bsweep  xxxxXx Basic 3.00
at 10°a
Bsweep xxxxx Basic 3.00
at 12°a
o sweep xxxxx Hysteresis/  3.00
at0°p Lag effects
o sweep xxxxx Hysteresis/  3.00
at 3°p Lag effects
o sweep XXX Reynolds 1.80
at0°p number
effects
o sweep XXX Reynolds 1.80
at 3°p number
effects
o sweep xx  Reynolds 3.76
at0°p number
effects
o sweep xx  Reynolds 3.76
at 3°p number
effects

attack for each Mach number is required. These steady-
state calibration curves were initially predicted using

engineering methods, then refined with wind-tunnel

data. The block diagram in figure 7 shows these
calibration curves implemented as two-dimensional

table lookups.

The sensor selection routine is used to determine out-
of-range or “failed” FADS sensors. Because the flight
control system is single-string, the INS angle of attack is
assumed to be an unfailed but biased estimate of true
angle of attack. The INS angle of attack is passed
through a first-order lag filter corresponding to each
FADS angle-of-attack pneumatic lag model derived
from wind-tunnel data. (This model will be described in
the Results and Discussion section.) These lagged INS
angle-of-attack signals are then compared to the three
corresponding FADS angle-of-attack signals. A FADS
angle-of-attack signal is considered “failed” if this
comparison exceeds a threshold for a fixed length of
time. The threshold is a function of Mach number and is
dependent on the amount of lag that can be tolerated by
the system.

The final FADS angle of attack is the average of the
“unfailed” signals. This final FADS angle of attack is
then used to bias the INS angle of attack through a first-
order filter as shown in figure 7. If all FADS sensors are
declared failed, the bias will fade to O and the
uncompensated INS angle of attack is used in the flight
control laws.

Other significant airdata parameters sensed by the
FADS system are derived from postflight data using
nonlinear regression algorithms. Reference 1 details
how these postflight airdata estimation algorithms are
developed.

Results and Discussion

This section discusses the data obtained in the
wind-tunnel test. Results are compared with both
predicted static pressure and simulated pneumatic lag
results.

Steady-State Pressure

The calibration curves used to derive angle of attack
from the pressure data were initially developed using
engineering analysis. Newtonian flow theory was used

Figure 7 shows the angle-of-attack estimationto obtain stagnation pressure. Oblique shock theory or
algorithm in block diagram form. For PPT 2, PPT 4, andPrandti-Meyer expansion methotfs, depending on
the difference between PPT 3 and PPT 5, a calibratioangle-of-attack and flow conditions on the wedge, were
curve of differential pressure as a function of angle ofused to solve for surface pressures on the wedge itself. A

American Institute of Aeronautics and Astronautics



wind-tunnel test was then conducted to validate the The angle-of-attack error shown for the forward ports
initial pressure model of the FADS system. generally is less than 0.2° at less than 6° angle of attack,
) and is less than 0.5° across the entire angle-of-attack
Figures 8(a)—(d) show the comparison of thegnyelope. These excellent results are consistent with the
predicted pressure model and the wind-tunnel data aSessure results shown in figures 8(a) and 8(c). The
function of angle of attack for Mach numbers of 3, 4, asuits for the aft pair of ports show large angle-of-
and 8. The wind-tunnel data are shown as open symbolgack errors, especially at the high angles of attack. The
and the predicted data are shown as solid symbolgrengs in angle-of-attack error are consistent with the
Results for the other Mach numbers listed in table 3 argrqrs in predicted pressures shown in figures 8(b) and

similar to the Mach 8 results. 8(d). The results show the viability of the real-time

Results from port 2 (fig. 8(a)) indicate that the angle-of-attack estimation method

predicted pressures compare very well with thepnoymatic Lag
wind-tunnel pressures. Results from port 4 (fig. 8(c))
indicate similar results; the exception is the Mach 8 case Because the FADS system is pneumatically-based,
in which pressure for the high angles of attack wagpressure lags must be taken into account. For the current
underpredicted. This slight underprediction may beangle-of-attack estimation design, the pneumatic lag
caused by flow separation at the high Mach numbers. models are used in the sensor selection routine to
determine out-of-range or “failed” FADS sensors. A
The two rear ports (ports 3 and 5) show largepressure lag model was developed for each port (or pair
differences, especially on the lower ramp port 5 (fig. 1).of ports) in the system because tubes of different length
The results for port 3 (fig. 8(b)) indicate good were used for each sensor (figs. 1-2 and table 2). The
agreement, except for the Mach 3 case in which a smagiressure lag from each port to sensor was modeled as a
slope change appears in the wind-tunnel results. Theirst-order lag3
cause for this difference is unknown, but may be
because of data acquisition errors. The results for port 5 PppT Kk
(fig. 8(d)) indicate an overprediction of the pressures at [5) TStk (@)
the high angles of attack at Mach 3 and 4 and an

underprediction at Mach 8. This difference is most, hare k is a nonlinear function of the measurement

likely caused by the presence of the boundary-layer tri%eometry and the input pressiRg,. The lag constant,
strip located in front of port 5. The simple prediction | .an pe represented by the following form:
models used for the wind-tunnel comparisons could not’

include a boundary-layer trip strip. The boundary-layer
. ; ) . e P 4

trip strip was installed on the model in a manner similar Kk = 1_ port{ gnD } , ©)

to that planned for the flight vehicle. Overall, the T

predicted pressures compared well with the wind-tunnel

pressures for ports located forward of the boundarywhereD is the diameter of the tubke s the tube length,

layer trip strip. Additional corrections for boundary- andV, is the effective volume. Equations (2) and (3)

layer trip strip effects could be developed for port 5 tocharacterize the lag from a single port to an absolute

reduce the errors even further. pressure measurement.

port

Pressure data obtained from the wind-tunnel test were Figure 10 shows wind-tunnel data from a Mach 6,
used as input to the angle-of-attack estimation routineglynamic, pitch-pause angle-of-attack sweep (—6° to
previously described (fig. 7). True angle of attack andl2°). As seen in the absolute pressure measurements
tunnel dynamic pressure were used as inputs instead ¢PPT 3 and PPT5), the lag characteristics change
the INS parameters that will be used in the flightsignificantly over the pressure range as predicted by
software. Figure 9 shows angle-of-attack errorequation (3). In contrast, the lag characteristic of the
(04 ue—9papg across the angle-of-attack range for differential pressure transducer from a pair of ports
the same Mach numbers as shown in figure 8(PPT 2) remains relatively constant across the pressure
Figure 9(a) shows the angle-of-attack error for therange. This empirical observation allows the differential
forward pair of ports, and figure 9(b) shows thepressure lags to be adequately characterized by equation
angle-of-attack error for the aft pair of ports. (2) with a constant lag factor across the measurement
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range. In other words, the lag model for a pair of ports to Based on dynamic wind-tunnel results, characterizing
a differential pressure measurement is only a function othe lag from a pair of ports to a differential transducer as
Mach and not a function of the input pressure, thusa constant first-order lag is possible. The pneumatic lag
greatly simplifying the lag characterization. models are used to determine out-of-range or “failed”
FADS sensors in the real-time angle-of-attack
An analog matching technique was used to estimatalgorithm.
the lag constant for the differential pressure signals _ _
across the angle-of-attack measurement range. True Wind-tunnel results for static and dynamic pressure
angle of attack was converted to unlagged pressure 212 validate the prediction models and the FADS
using the inverse angle-of-attack estimation aIgorithmarCh'teCture' The wind-tunnel results show that the
shown in figure 7. The resulting pressure was then us rformance of a .FADS system fc_Jr a sharp-nosed,
. ) .wedge-shaped vehicle can be designed to meet the
as an input to a constant first-order lag model to obtain_~ ">
. requirements for accurate measurement of angle of
the_5|m_ulated pressure _at the PPT. The lag constant Wattack for real-time control and for postflight analysis.
varied in order to minimize the error between the lagged
results and the actual differential pressure signal, and

thus to obtain the best fit over the entire range. References
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Figure 1. Test article pressure port locations.
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Figure 2. Wind-tunnel model pressure transducer connectivities.
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Figure 3. Internal layout of wind-tunnel model.
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Figure 4. Wind-tunnel test setup.
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Photograph courtesy of U. S. Air Force, AEDC, 98-104210.

Figure 5. Test article in Tunnel A test section.

Photograph courtesy of U. S. Air Force, AEDC, 98-106729.

Figure 6. Test article in Tunnel B test section.
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Figure 7.a-,pg andysestimation and integration block diagram.
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(a) Pressure as a function of angle of attack for port 2.
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(b) Pressure as a function of angle of attack for port 3.

Figure 8. Comparison of empirical and wind-tunnel data foofhgs
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(c) Pressure as a function of angle of attack for port 4.
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(d) Pressure as a function of angle of attack for port 5.

Figure 8. Concluded.
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Figure 10. Typical wind-tunnel pitch-pause angle-of-attack sweep for Mach 6.
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Figure 11. Simulated and actual pressure lag characteristics for Mach 6 pitch-pause angle-®i+ediack
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Figure 12. Summary of lag characteristics for all three angle-of-attack estimations as a function of Mach number.

16
American Institute of Aeronautics and Astronautics



REPORT DOCUMENTATION PAGE o e 16

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington,
VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
January 2000 Conference Paper
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Development of a Flush Airdata Sensing System on a Sharp-Nosed
Vehiclefor Flight at Mach 3to 8

WU 522-51-54-00-50-00-X43

6. AUTHOR(S)

Mark C. Davis, Joseph W. Pahle, John Terry White, Laurie A. Marshall,
Michael J. Mashburn, and Rick Franks

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

NASA Dryden Fight Research Center
PO. Box 273 H-2390
Edwards, California 93523-0273

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration
Washington, DC 20546-0001 AIAA 2000-0504

11. SUPPLEMENTARY NOTES ) ] o
Paper presented at 38th AIAA Aerospace Sciences Meeting and Exhibit, 10-13 January 2000, Reno, NV, AIAA 2000-

0504. M. Davis, J. Pahle, J. White and L. Marshal of NASA Dryden Flight Research Center, Edwards, CA.
M. Mashburn of Micro Craft, Inc., Tullahoma, TN. Rick Franks of Sverdrup Corp., Arnold AFB, TN.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified—Unlimited
Subject Category 06

Thisreport is available at http://www.dfrc.nasa.gov/DTRS/

13. ABSTRACT (Maximum 200 words)

NASA Dryden Flight Research Center has devel oped a flush airdata sensing (FADS) system on a sharp-nosed,
wedge-shaped vehicle. This paper details the design and calibration of a real-time angle-of-attack estimation
scheme devel oped to meet the onboard airdata measurement requirements for a research vehicle equipped with
a supersonic-combustion ramjet engine. The FADS system has been designed to perform in flights at Mach 3—
8 and at —6°-12° angle of attack. The description of the FADS architecture includes port layout, pneumatic
design, and hardware integration. Predictive models of static and dynamic performance are compared with
wind-tunnel results across the Mach and angle-of-attack range. Results indicate that static angle-of-attack
accuracy and pneumatic lag can be adequately characterized and incorporated into areal-time algorithm.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Airdata calibration, FADS, Flush airdata sensing system, Hypersonics, Wedge forebody, 17

Wind tunnel test 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



	Cover
	Abstract
	Nomenclature
	Acronyms
	Symbols

	Introduction
	Flush Airdata Sensing System Architecture Overview
	Pressure Port Layout
	Pressure Transducers
	Pneumatic Layout


	Wind-Tunnel Facilities, Equipment, Test Conditions, and Procedures
	Facilities
	Wind-Tunnel Test Equipment
	Wind-Tunnel Test Procedures and Conditions

	Real-Time Angle-of-Attack Estimation Algorithm
	Results and Discussion
	Steady-State Pressure
	Pneumatic Lag

	Concluding Remarks
	References
	Figures
	Figures 1 & 2
	Figures 3 & 4
	Figures 5 & 6
	Figure 7
	Figure 8
	Figures 9 & 10
	Figures 11 & 12

	RDP

